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Abstract 
Predictive models are necessary in order to minimize potential damages in the event of a 
nuclear or radiological release. For this reason a novel model for the calculation of both 
wet and dry deposition from airborne activity is proposed. Full derivation of the model 
and the estimation of uncertainty are presented, and the model is validated by 
calculating deposition based on several measured airborne activities in different 
countries. The results are compared with the corresponding measured deposition 
activities and the predictive power of the model is found to be good, with calculated 
depositions being within the limits of measurement uncertainty. Additionally, 
limitations of the model and possible sources of uncertainty in the calculations are 
discussed. 
  
iii 
 
 
Acknowledgements 
I am thankful to the staff of Radiation and Nuclear Safety Authority (STUK), Regional 
Laboratory of Northern Finland (PSL), without their hard work of monitoring the 
radioactivity in Northern Finland this thesis wouldn't have been possible. This work is 
actually a byproduct of a study I got to do when I was interning at the PSL during the 
summer of 2014, in which I calculated the transfer coefficients and effective half-lives 
of cesium in the environment of Northern Finland [16]. I would also like to thank 
Henna-Reetta Hannula of the Finnish Meteorological Institute, for her assistance with 
weather data. 
 
  
iv 
 
Table of contents 
1 Introduction 1 
2 Theory 3 
2.1 Overview of earlier model types 3 
2.2 Derivation 5 
2.2.1 Dry deposition 5 
2.2.2 Wet deposition 9 
2.3 Estimation of uncertainty 15 
2.3.1 Dry deposition 15 
2.3.2 Wet deposition 17 
3 Experimental setup 18 
3.1 Gamma measuring  devices 19 
3.2 Sample collection and preparation 20 
3.2.1 Air samples 20 
3.2.2 Deposition samples 24 
3.2.3 Aerosol size distribution 25 
4 Measured values and calculations 27 
4.1 Calibration 28 
4.1.1 Dry deposition 29 
4.1.2 Wet deposition 30 
4.2 Validation 33 
v 
 
4.2.1 Dry deposition 33 
Italy  33 
Portugal  35 
4.2.2 Wet deposition 36 
Germany 36 
Greece  37 
Spain  38 
5 Conclusions 39 
5.1 Results 39 
5.2 Possible sources of error 41 
6 Discussion 44 
References 46 
1 
 
Chapter I 
1 Introduction 
The first detonation of a nuclear weapon happened on July 16, 1945 in New Mexico, 
USA. The detonation was carried out by the United States Army and it was codenamed 
Trinity [1]. At the time, scientists were preoccupied on understanding the effects of the 
blast and the functioning of the bomb itself, but not the aftermath, so the behavior and 
consequences caused by anthropogenic radionuclides in the environment was neglected. 
Serious study on the effects of fallout didn't start until 1949, after J.H. Webb proposed 
that a radioactive contaminant encountered in paper was actually from the Trinity blast 
[2]. This was the first proof that a radioactive particle may travel over long distances, 
which raised concern over the possible effects of radioactive deposition. Since then, 
numerous studies have been published on all known effects caused by radioactive 
particles in the atmosphere and the environment. Today it is known that anthropogenic 
radionuclides may produce even very high activity concentrations over a large area and 
that aerosols formed through different mechanisms can travel over very long distances. 
A nuclear event on the other side of the world has the potential to increase the annual 
radiation doses to people everywhere. 
Nuclear weapons tests, such as the aforementioned Trinity in 1945 and the much larger 
Tsar Bomba in 1961, as well as nuclear accidents, like the ones in Chernobyl in 1986 
and Fukushima in 2011, have demonstrated the need for predictive models in the event 
of a radioactive release, in order to minimize the potential damages caused by 
radioactive matter. It is estimated that the Chernobyl accident alone has already caused 
adverse health effects for thousands of people [3], although studies on the effects of 
radiation are subject to much controversy. Nonetheless, it has been recently found that 
high amounts of radiation is not the only cause for concern, since even low amounts of 
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radiation may increase blood pressure, cause a degenerative brain disease, or increase 
risk of cancer [4–6]. There are several difficulties in studying the effect of radiation in 
humans, since the radiation doses, intake mechanisms, living habits and general health 
of the subjects varies and it is very difficult to determine what is caused by radiation 
and what by other sources. Despite the inconclusiveness of many studies on the subject, 
the general view has been that radiation caused by radioactive elements is usually 
harmful in some way. 
Several studies have been done to gain insight into all of the involved processes in the 
case of a nuclear accident: release of radioactive matter [7–9], transport phenomena [7, 
10–12], deposition [7, 13–15], transfer to foodstuffs [16–18] and finally, the effect on 
humans [17, 18]. Out of these, transfer to foodstuffs and the effect on humans have been 
studied the most. It is only natural that the effect on humans has been studied the most, 
and the transfer to foodstuffs is related to that, since it has been determined that humans 
get the highest amount of radiation by eating radioactive food. The transfer to foodstuffs 
is in principle quite simple. First, radioactive aerosols sediment to the ground – either 
by gravitational settling or by precipitation scavenging – from where they are taken up 
by plants. Then, the plants are eaten by humans or animals, transferring the radioactive 
matter to them. For example, in the Nordic countries one of the most important food 
chains which transfer radioactive matter very efficiently to humans is the lichen-
reindeer-human chain [16,17]. These kinds of chains have been studied extensively, but 
what have been somewhat neglected are the mechanisms of deposition. 
For deposition, there are also some models which have a sufficiently good predictive 
power, but most of the deposition models don't have much to do with actual physical 
phenomena, and are largely centered on precipitation. This is because of the fact that 
atmospheric processes are usually very complicated and precipitation is the most 
effective way of aerosol scavenging. Therefore the earlier approach has been to either 
make a crude approximation or to produce a mathematical fitting in order to estimate 
the deposition densities. In this thesis it is shown that most of the complicated 
atmospheric processes may be accounted for with some justifiable simplifications, while 
keeping the accuracy and predictive power of the model at a high level. 
3 
 
Chapter II 
2 Theory 
Derivation of a completely physically accurate atmospheric deposition model would be 
unnecessarily difficult to do, and even models which use rough approximations have 
proved to be sufficiently accurate in many situations. The model derived in this chapter 
falls somewhere in between a physically accurate one and a crude approximation. This 
is in order to take advantage of the good sides of both extremes, to make a semi-
empirical model which is accurate but still sufficiently simple to use. 
2.1 Overview of earlier model types 
Traditionally, deposition has been estimated with models which use the well-known 
relationship between precipitation and deposition density, or with mathematical fittings 
between airborne activity concentration and deposition density. For precipitation 
dependent models, the traditional approach has been to simply describe deposition 
density as the product of airborne activity concentration and amount of precipitation 
during a given time period. A sum of these products over the studied time gives the total 
deposition density [14], as in 
   =        
 
 (1) 
where     is the amount of precipitation at a site X during time period i, in meters, and 
    is the decay corrected airborne activity concentration at the reference site R during 
the same time period i, in    3⁄ . From this equation, the total decay corrected estimate 
of the deposition density    is obtained, which is in units of    
2⁄ . This is a type of 
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rough approximation used to simplify complicated atmospheric events. It doesn’t have 
much to do with atmospheric processes, but it may still be called a physical model since 
it links two observable quantities together in a simple manner. Surprisingly enough, it 
does give some kind of estimation for deposition density, but it completely neglects the 
effect of dry deposition. 
Another deposition model type is one which attempts to describe all of the processes 
involved in deposition by accounting for them mathematically. The basic structure of 
such a model is that it has several variables in a single linear or exponential function 
with different weights for each variable. Usually the weights have been obtained by 
fitting the studied function to experimental data. Such a model may be of the form 
suggested by Pálsson, et. al. [15] 
  (  ∆   ) =  1( )   2( (  ∆   ))   3( ) (2) 
where  (  ∆   ) is the deposition density,  1( ) accounts for the time dependency of 
the model,  2( (  ∆   )) is a function of precipitation rate and  3( ) is purely a 
function of geographical effect. The model above doesn’t have its own function for dry 
deposition, but it is accounted for by adding a 1–6 mm bias on precipitation. This type 
of model still uses physical quantities and even attempts to account for all atmospheric 
effects. But because it is basically a function fitted to experimental data, it is actually 
more of a mathematical model than a physical one. Nonetheless, such a model has 
proved to be an improvement over earlier deposition estimations. 
In the domain of aerosol physics, there exists many physically accurate models and 
theories, which may be used to estimate deposition. The problem with these theories is 
that they easily become very complicated and it makes using them a lot more difficult 
than the types of models described above. Because of the unnecessary complication, 
these physically accurate model types won’t be covered here. In atmospheric science the 
term aerosol traditionally refers to suspended particles that contain a large proportion of 
condensed matter other than water, and aerosol physics studies how atmospheric 
aerosols form and what role they play in the Earth's climate [19]. Physicists in this field 
attempt to integrate laboratory and outdoor measurements with theories and models in 
order to understand and predict the impact of human-caused and natural changes on 
climate. 
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2.2 Derivation 
The model which is considered here takes into account both dry and wet deposition, and 
as such the two parts will be derived separately. 
2.2.1 Dry deposition 
Dry deposition has mostly been neglected in earlier studies where radionuclides have 
been noted to come from far away sources, since its contribution to the total deposition 
density is usually low when compared to wet deposition, on the order of 10–20 %. This 
is because long range transport takes several days – for example it took 8 days for the 
fallout from Fukushima to reach Finland [20] – and since the time that aerosols stay in 
air is proportional to their size, only the smallest particulates are still present after long 
range transport [21–23]. Small particles settle under gravitational pull more slowly and 
they contain less radioactive matter than large particles, so ignoring dry deposition in 
scenarios where radioactive matter has been transported over long distances seems 
justified. The model which will be considered here is meant for the most general case of 
estimating deposition, so that deposition density near the source may also be calculated 
and therefore dry deposition will be included to the model as well. 
Experimental findings have shown that aerosols released from nuclear events are 
usually in the range of 0.01 to 20 µm in diameter [22]. To quantify the effect of drag on 
a particle, Reynolds number,   , is used. It describes the turbulence experienced by an 
object and is defined as the ratio of the inertial force of the object to the friction force 
caused by the gas moving over the object surface [23] 
   =
       
 
 (3) 
where    is the density of the surrounding gas,   is velocity of the gas relative to the 
particle,    is the diameter of the particle and   is the dynamic viscosity of the gas. 
Considering Reynolds number in the frame of international standard atmosphere, where 
   is 1.225    
3⁄  and   is  .     5       at sea level (ISO 2533:1975), a particle 
with a diameter of 20 µm would have to drop at a velocity of 73.5    ⁄  to attain a 
Reynolds number of 1. Therefore it is safe to assume that particles smaller than 20 µm 
will always have a low Reynolds number in atmospheric settling scenarios, so the use of 
Stokes’ law is justified in calculating the aerosol settling velocity.  
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Since many authors prefer to use aerodynamic diameter rather than actual physical 
diameter, the derivation will be done so that the model may be used with aerodynamic 
diameter. Aerodynamic diameter    is defined as the diameter of a perfectly round 
water drop, which has the same terminal velocity as the studied aerosol of diameter   , 
so one may write [23] 
   = √
  
   
   (5) 
where    is the density of water,    is the density of the particle and χ is the form 
factor. From here on, it has been assumed that the airborne particles caused by 
radioactive release are approximately spherical, so χ ≈ 1. By solving (5) for physical 
diameter   ,  
   = √
  
  
   (6) 
and combining it with Stokes drag [23],  
   =       
2
 (7) 
one will get 
   =
  
  
      
2
 (8) 
Noting that in equilibrium drag is equal to the gravitational pull 
   =    (9) 
where   is the particles mass and   is the free-fall acceleration. This is true when 
neglecting buoyancy effects, but since the density of air is very small compared to the 
density of any kind of radioactive matter, this doesn’t cause a noticeable difference in 
the results. For comparison 
137
Cs has a density of approximately 1930    3⁄ , which is 
relatively small, but it is still 1575 times denser than air. Obviously elemental Cs won’t 
be present after a nuclear release – particles from a nuclear detonation are bits from the 
bomb itself, and particles from an accident in a nuclear power plant originate from the 
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nuclear fuel, which is a cocktail of elements – but whatever the particle is which bears 
the radioactive matter, it is always much denser than air. By setting equations (8) and 
(9) equal and by applying the equation of volume for a sphere, one gets the terminal 
velocity    of a small object undergoing gravitational settling 
   =
    
2 
   
 (10) 
This is true for gravitational settling in still air, but the equation may also be used for 
atmospheric settling, if one approximates that drafts tend to move the particles upwards 
just as much as downwards. Most likely this approximation is true on a global scale, but 
there may be even severe exceptions, especially in mountainous or very hot regions, or 
in the Intertropical Convergence Zone (ITCZ). With this equation it is possible to 
calculate the settling speed of particles of a single diameter, but in the general case, the 
size-distribution of aerosols obeys the log-normal distribution [21, 23]. The probability 
density function for airborne particles of size   , which are log-normally distributed, is 
  (  ) =
 
  √   
 
 
(      )
 
2   (11) 
where   is the natural logarithm of the activity median aerodynamic diameter (AMAD) 
and   is the natural logarithm of the geometric standard deviation (GSD) of the studied 
aerosols. By combining equations (10) and (11) and integrating over all possible particle 
sizes one will get the expectation value of finding a particle of diameter    with settling 
speed of   (  ) 
 ∫   (  ) (  )
 
0
   = ∫
     
   √   
 
 
(      )
 
2  
 
0
    (12) 
in in which     is the infinitesimal particle diameter element. With this knowledge it is 
possible to account for the aerosol size distribution. By solving the integral and 
multiplying it with time interval ∆   and airborne activity concentration   , equation 
(12) becomes 
   ∆  ∫   (  ) (  )
 
0
   =
   
   
  ∆   
2  2   (13) 
8 
 
This equation describes the overall dry deposition, caused by log-normally distributed 
radioactive aerosols during time interval ∆  . The time interval ∆   means here the time 
that the observed radioactivity stays in a certain area, and the airborne activity 
concentration    is the activity concentration in air, both of which are measured during 
collection period i. A good approximation of the time interval ∆   is the sample 
collection time. This approximation should be thought of as follows: the radioactivity 
measured from an air filter is the average radioactive concentration in air during the 
sampling period, so by assuming that the average airborne activity concentration is 
homogeneously spread over the whole atmosphere (i.e. infinite source term) we may 
also assume that it is settling homogeneously for the whole collection period. This way 
the distance that we get by multiplying the settling speed and collection time is just a 
measure of the height from which particles still reach the ground. 
 
Figure 1. On the left is a depiction of what the airborne activity 
concentration actually looks like, with darker areas meaning a higher 
concentration. On the right is the homogeneous approximation of 
airborne activity, which the detector “sees”. The dashed line on the right 
side depicts the height from where the last particles still reach the ground. 
Since equation (13) describes the dry deposition which accumulates during a single 
measuring period, we can get the total dry deposition     , by summing over all the 
collection periods 
     = 
   
   
  ∆   
2  2  
 
 (14) 
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The distribution of aerosols is generally monomodal in long range transport scenarios 
[21] but near the source of aerosols, the distribution may have several modes and 
therefore it needs to be addressed. To account for different kinds of distributions, it is 
possible to simply sum the dry deposition caused by different modes together while 
accounting for each of their weights, as in 
     =  
   
   
  ∆     
2   2  
 
  
 (15) 
where    is the weight,    is the natural logarithm of the AMAD and    is the natural 
logarithm of the GSD for the corresponding mode j. Equation (15) describes the dry 
deposition of radioactive particles in the most general case, where they may have 
several different modes. 
2.2.2 Wet deposition 
Wet deposition is the most effective form of aerosol scavenging from the atmosphere 
that is known. In aerosol physics there are accurate models which describe aerosol 
scavenging by precipitation, i.e. washout and rain out. These models are very intricate 
and take into account Brownian motion, electric charges, phoretic effects and 
aerodynamic effects between aerosols and water drops [24, 25]. The wet deposition part 
of this new model is a simplification of all of these effects: it is assumed that because of 
all of the different effects together, the chaotic motion of particles and water drops in 
the atmosphere is approximately random, and therefore we may use a probabilistic 
approach to model wet deposition. The basic structure of this approach is as follows: 
first calculate the necessary intensity of rain to ensure a 100 % probability of raindrops 
hitting a single point-like particle in a cubic meter of air, then use this knowledge to 
form the precipitation model. The probability doesn’t need to be exact, the most 
important thing is to find the form of the model and then it may be calibrated with the 
use of measurements. 
The only way a point-like particle is scavenged from air with a probability of 100 %, is 
if the water drops fill the whole cubic meter of space where the particle is. Obviously 
this is not a realistic scenario, but the only purpose of this is to find the upper limit for 
the probability. First we introduce the Marshall-Palmer’s Law [26], which describes the 
number of water drops of certain diameter   in a cubic centimeter of air 
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  ( ) =  0 
 
 
〈 〉 (16) 
where  0 =  .     
 4 is a scaling constant and 〈 〉 is the average size of water drops 
in a cubic centimeter of air, which is defined as 
 〈 〉 =
 0.21
  
 (17) 
where   is the intensity of precipitation in mm/h and 〈 〉 is in centimeters. By changing 
the dimensions in (16) and (17) to meters, and combining them with the volume of 
raindrops – which have been assumed to be spherical – we get 
   ( ) =
 
 
 3 0 
 
4100  
  .   (18) 
By integrating over all raindrop sizes and noting that  0 is now     
6  4, we get the 
total volume taken by the raindrops in a single cubic meter with rain of intensity   
 ∫   ( )
 
0
  =  .          0. 4 (19) 
By setting the value of (19) to unity and solving for   we get the precipitation intensity 
which is required for a 100 % probability of rain hitting a single aerosol particle in air, 
 100 
  100 =           .      ⁄  (20) 
Again, it needs to be stressed that this does not correspond to any actual physical 
phenomena, and that it is used only to find the upper limit of probability. If it would 
actually rain at an intensity of 11.2    ⁄ , the whole atmosphere of the earth would be 
filled with water in little less than 9 hours. So it is safe to conclude that a point like 
particle is never scavenged by rain with full certainty. 
Assuming that the probability that a raindrop hits an aerosol scales linearly with the 
amount of raindrops in the air, we next need to determine how many raindrops there are. 
If one integrates the metric version of Marshall-Palmer’s Law over all raindrop sizes, 
one will get the overall amount of raindrops in a cubic meter 
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 ∫  0 
 
4100  
  .  
 
0
  =  0
 0.21
    
 (21) 
When the product of (21) is divided with the amount of raindrops in precipitation with 
intensity of  100, one gets the probability of rain hitting an aerosol 
  =
 0 
0.21
    
 
    
 0 100
0.21 = (
 
 100
)
0.21
 (22) 
In this formulation, it has been assumed that if a raindrop hits an aerosol, the aerosol 
will stay in the drop, so the hitting probability is equal to scavenging probability. Even 
if this assumption is false, the deposition will be corrected with a correction term, which 
will be introduced later. Now that we have the scavenging probability, we need to 
consider the falling speed of raindrops. There doesn’t seem to exist a single, easy to use 
equation for determining the exact falling speed of rain. This is because water falling 
through the atmosphere will change its shape, hit other raindrops and break into smaller 
raindrops every now and then. Therefore a simplification is done by assuming the 
raindrops to be spherical, which will cause some amount of error to the calculations. 
This error will also be accounted for in the correction term later on. 
 
Figure 2. Dynamics of a falling raindrop. Starting from a nearly 
spherical state from the left side, a sufficiently large falling raindrop will 
first flatten due to air pressure, then form a parachute like structure and 
finally shatter into several droplets of different sizes. Photo by Emmanuel 
Villermaux, http://www.livescience.com/7809-raindrops-fall-sizes.html. 
Even if the raindrops are interacting with each other, the Marshall-Palmer’s Law size 
distribution of raindrops still holds [26], so the average velocity of rain can be 
approximated with the use of average raindrop diameter in equation (17). If we consider 
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a rain of low intensity, for example 0.2 mm/h, then according to (17) the average 
diameter of raindrops in such rain is 0.17 mm. If a drop of this size travels at a very low 
speed of 1 mm/s, its Reynolds number will be 9.4. Since the average drop size increases 
with rain intensity, and the velocity of the drops is much higher than 1 mm/s, we may 
conclude that the Reynolds number of average sized raindrops is always sufficiently 
large to justify the use of the familiar drag equation from fluid dynamics 
   =
 
 
   
2    (23) 
where    is the drag coefficient and   is the cross-sectional area of a raindrop. It is 
assumed that a raindrop is spherical with    = 0.47, so the equation for the area of the 
circle may be used. Combining this with the average drop size one gets 
   =
 
 
   
2   〈 〉
2 (24) 
Again, in equilibrium, the drag force and gravitational pull are in equilibrium, so we 
may write 
 
 
 
〈 〉3   =
 
 
   
2   〈 〉
2 (25) 
From equation (25) the average velocity of raindrops may be solved and when using the 
metric version of (17) we get 
  =  0.105√
 
 
  
  
 
       
 (26) 
Combining equation (26) with (22) and multiplying with the duration of rainfall ∆   and 
airborne activity   , we get the wet deposition accumulated during measuring period   
     ∆  =
  
0.315
 100
0.21 √
 
 
  
  
 
       
  ∆    (27) 
where    is the average rain intensity during measuring period   and   is a correction 
coefficient, which needs to be determined empirically. The correction coefficient is used 
to account for all of the atmospheric effects and chemical properties of the airborne 
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particles, which aren’t accounted for already. Because of the chemical differences, the 
correction coefficient needs to be determined for radioactive matter in particle and gas 
phases separately. As it can be seen, the treatment of wet deposition is similar to dry 
deposition in the way that in this formulation, the airborne particles scavenged by rain 
continue on their way down to the ground at the speed of the falling drop. 
 
Figure 3. Some of the several mechanisms associated with deposition. 
The airborne aerosols serve as nucleation centers in the cloud, forming 
droplets and starting a chain reaction which leads to precipitation. All of 
these mechanisms together are called scavenging by precipitation. 
Washout and rainout decrease the concentration of airborne activity and 
the evaporation of raindrops increases it. 
By summing over all the measuring periods, we get the total wet deposition      
     = 
  
0.315
 100
0.21 √
 
 
  
  
 
       
  ∆  
 
  (28) 
The total deposition   is a sum of the dry and wet parts, as in 
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 =  
   
   
  ∆     
2   2  
 
  
+ 
  
0.315
 100
0.21 √
 
 
  
  
 
       
  ∆  
 
  
(29) 
 
To recount, the different parameters in (29), first for the dry deposition part: 
   is the density of water,  
  is the free-fall acceleration of earth,  
  is the dynamic viscosity of air,  
   is the concentration of airborne particles during measuring period  ,  
∆   is the length of the measuring period  ,  
   is the weight of the mode  , 
   is the natural logarithm of activity median aerodynamic diameter (AMAD) of the 
mode   and 
   is the natural logarithm of geometric standard deviation of the mode  . 
 
Similarly, the different parameters in (29), for the wet deposition part: 
   is the precipitation intensity during measuring period  , 
 100 is the precipitation intensity required for certain particle scavenging by rain, 
   is the density of air, 
   is the drag coefficient, 
   is the concentration of airborne particles during precipitation period  ,  
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∆   is the length of the precipitation period   and 
  is the correction term, which will be obtained from the calibration 
 
(29) is an equation for calculating the total deposition in the most general case and it 
may be applied for both short and long range transport scenarios. What should be noted 
is that even when there is rain, the dry deposition part will not vanish, but instead it will 
always be present. It should also be noted that in a strict sense, many of the variables 
above are dependent on atmospheric pressure, temperature and humidity. However, 
these effects are relatively small, so they won’t be considered in detail. 
2.3 Estimation of uncertainty 
The estimation of uncertainty was done with the principle of propagation of uncertainty. 
Some initial estimations were done by considering the relative uncertainties of both 
types of deposition. 
2.3.1 Dry deposition 
The main variables of concern in dry deposition were  ,  ,   and  , whereas   ,  ,   
and ∆  were considered to be constants 
 
∆    =  
   ∆  
   
  
 2   2  
 
(  ∆  +   ∆  
+      |∆  | +        |∆  |) 
(30) 
Only the variables   and   are in absolute values, since they are the only ones which 
can be negative. If the distribution of particles is monomodal, then (30) reduces to 
 ∆    = 
   ∆  
   
 
 2  2 
 
(∆  +    |∆ | +     |∆ |) (31) 
From equation (31) it is easy to see that the natural logarithms of AMAD and GSD in 
the log-normal distribution cause the highest amount of uncertainty, which may be 
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estimated by means of relative uncertainty. By dividing (31) with (14) we get the 
relative uncertainty 
 
∆    
    
=
∆ 
 
+  |∆ | +   |∆ | (32) 
where 
∆ 
 
 is the average relative uncertainty of airborne concentration. It needs to be 
noted that if we have the natural logarithm of an arbitrary variable  , denoted by  , then 
∆  will be 
 ∆ =
  
  
 ∆ =
 (   )
  
 ∆ =
∆ 
 
 (33) 
which is the relative uncertainty of  . Applying this and assuming that the average 
relative uncertainty caused by the measurement of airborne activity is ~7.5 % and 
similarly the relative uncertainties for AMAD and GSD are ~10 % 
 
∆    
    
=  .   +    .  +    .    (34) 
From equation (34) it can be seen that the natural logarithm of the GSD,  , is 
problematic since the uncertainty of the deposition increases linearly with increasing  . 
Even with an unrealistically low   value of 0, the expected uncertainty of dry deposition 
based on (34) is ~27.5 %. When   is increased to a more realistic but still low value of 
1.1, the uncertainty of deposition increases to ~71.5 %. It would seem that high values 
of uncertainty are to be expected from the calculations of dry deposition. 
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2.3.2 Wet deposition 
In wet deposition the variables of concern were   and  , all the other terms were treated 
as being constant 
 
∆    = 
∆   
 100
0.21 √
 
 
  
  
 
       
(  
0.315∆  
 
+  .     
∆  
  
0.6 5) 
(35) 
Dividing (35) with (28) results in the relative uncertainty of wet deposition 
 
∆    
    
=
∆ 
 
+  .   
∆ 
 
 (36) 
where 
∆ 
 
 is the average relative uncertainty of the precipitation intensity. Assuming the 
same uncertainty for airborne concentration as before and a precipitation intensity 
uncertainty of 10 % equation (36) yields a wet deposition uncertainty of 10.65 %. It is 
evident from (34) and (36) that the relative uncertainty of wet deposition is expected to 
be much less than the relative uncertainty of dry deposition. On the other hand, the 
contribution of dry deposition to the overall deposition density is usually very low: in a 
scenario where 10 % of the deposition is caused by dry and 90 % by wet deposition and 
the corresponding relative uncertainties are 80 % and 10 %, the contribution of these 
two parts to the total uncertainty are 8 % and 9 %, respectively. So if the dry deposition 
part can be accurately determined, then wet deposition will cause most of the total 
uncertainty. However, determining the dry deposition with sufficiently low uncertainty 
can be challenging, since the 70 % relative uncertainty should be close to the practical 
limit. 
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Chapter III 
3 Experimental setup 
It was necessary to compare theoretical and experimental data to determine the validity 
of the studied model which was shown in the previous chapter. The following 
measurement devices and preparation methods are used to determine the radioactivity of 
samples at the Finnish Radiation and Nuclear Safety Authority’s (STUK) Regional 
Laboratory in Northern Finland (PSL), which has been accredited according to the ISO 
17025 standard and takes part both in national and international reference 
measurements. The devices and preparation procedures described here are a good 
baseline description of gamma measuring in general, although there may be differing 
equipment in other countries and institutions. Also, the equipment at use in PSL is the 
most relevant, since the values used to determine the value of the correction term   
were from measurements carried out there.  
For determining the dry deposition part, the effect of aerosol size distribution and the 
possible need for a dry deposition correction term had to be investigated. The aerosol 
size distribution which was used for this was measured at the Arctic Research Center of 
the Finnish Meteorological Institute (FMI) in Sodankylä, Finland. For determining the 
size distribution of radioactive aerosols caused by the Fukushima accident, the 
measuring equipment at use in Czech Republic is introduced. This is also a good 
baseline for the measurement of gamma emitting aerosol size distribution and the values 
measured by the Czech Republic National Radiation Protection Institute (SÚRO) are 
one of the main values used in this study for determining the dry deposition in European 
countries. 
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3.1 Gamma measuring  devices 
PSL uses High-Purity Germanium (HPGe) detectors, which are housed in cylindrical 
shields. The shielding has three layers: the first layer is 1300 kg of lead, followed by a 
layer of cadmium to absorb radiation from the lead, and lastly a layer of copper to 
absorb radiation from the cadmium. The measuring time for deposition samples was 
between 24 and 72 hours. The relative efficiencies of the used detectors ranged from 
31.1 % to 50 % and the corresponding full-widths at half maximum (FWHM) were 
from 1.69 keV to 1.77 keV at 1.3 MeV. 
 
 
Figure 4. An example of a gamma spectrometer. Typical inside dimensions of a 
spectrometer: height 356 mm and diameter 230 mm, with a wall thickness of 152 mm. 
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The HPGe detectors are cooled with a compressor, keeping the operating temperature 
always below 85 K. The measured data was then processed with either of the two in-
house software packages, gamma-99 or Unisampo/Shaman. These two softwares 
calculate results based on the known detector efficiency, area of the corresponding peak 
in the spectrum and the measuring time. The results are corrected by accounting for the 
shape, density and height of the sample, and they are also decay corrected to the middle 
of the sampling period. 
3.2 Sample collection and preparation 
In order to monitor the overall radioactivity of the environment, it is necessary to 
procure samples from the air and ground as well as from flora and fauna. Radiation 
authorities in different countries collect samples and analyze them to get a picture of 
how radioactive matter behaves in the nature, and how it may affect humans. For the 
purposes of this thesis, the collection and preparation techniques for air and deposition 
samples are considered, as well as the collection techniques for determining the aerosol 
size distribution. 
3.2.1 Air samples 
There are different classes of air samplers, each dedicated to different kinds of 
situations, so they are very flexible to use. They can be divided roughly into small, 
medium and large classes. The examples of devices used in Finland given here are air 
samplers produced by Senya Ltd. 
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The class of small air samplers is meant for on-site sampling of aerosols in the case of a 
nuclear event, and not for continuous sampling of air. Different kinds of filters can be 
used for this class, but glass fiber ones are the most common. Their advantages are fast 
response time and great mobility, but on the other hand they can handle only small 
amounts of air and usually do not collect radioactive matter which is in gaseous phase. 
Examples of these kinds of samplers are JL-10-24 Lilliput and Dwarf 100x9, by Senya 
Ltd. Their technical specifications are in Table 1. 
 
 
Figure 5. On the left: JL-10-24 Lilliput and on the right: Dwarf 100x9. 
Pictures are from Senya.fi. 
Table 1. The technical specifications of JL-10-24 Lilliput and Dwarf 100x9, by Senya 
Ltd., spefications from Senya.fi. 
Device JL-10-24 Lilliput Dwarf 100x9 
Size 330x175x240 mm 422x357x270 mm 
Weight 10 kg 10 kg 
Flow volume 10 3  ⁄  100 3  ⁄  
Power Battery, 0.25 W 1.2 kW 
 
 
 
22 
 
Medium air samplers are used in remote regions, where the continuous monitoring of 
airborne activity has been deemed necessary. The samplers in this class are meant to be 
an intermediate between large and small samplers, collecting aerosols and gaseous 
matter from a much larger volume of air than small ones but still having a good 
mobility. The collection of aerosols is usually done with fiberglass filters and gaseous 
matter with activated carbon. An example of such a sampler is the JL-150 Hunter, 
specifications in Table 2. In northern Finland JL-150 Hunter samplers are used at 
Sodankylä and Ivalo. 
 
 
Figure 6.  JL-150 Hunter. Picture is from Senya.fi. 
Table 2. The technical specifications of JL-150 Hunter, by Senya Ltd., spefications 
from Senya.fi. 
Device JL-150 Hunter 
Weight 65 kg 
Filter flow volume 150 3  ⁄  
Carbon flow volume 0–14 3  ⁄  
Power 1,1 kW 
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Large air samplers are meant to be completely stationary and are commonly used to 
monitor the radioactivity of air in cities. They can collect gaseous matter and aerosols 
from a high volume of air, and some advanced models are completely automated. They 
can change and even perform the measurement of their filters automatically. Examples 
of such collectors are JL-900 Snow White and Cinderella G2, specifications in Table 3. 
 
 
Figure 7 On the left: JL-900 Snow White and on the right: Cinderella 
G2. Pictures are from Senya.fi. 
Table 3. The technical specifications of JL-900 Snow White and Cinderella G2, by 
Senya Ltd., spefications from Senya.fi. 
Device JL-900 Snow White Cinderella G2 
Weight 400 kg 1000 kg 
Filter flow volume 300 – 900 3  ⁄  500 3  ⁄  
Carbon flow volume 0 – 14 3  ⁄  - 
Power normal/max 6 kW / 9 kW 8.5 kW 
 
Cinderella G2 is an example of a collector which is fully automated, and thus is capable 
of measuring the filter on its own. Because of this it has to have a lead shielding and a 
HPGe detector, which increases its weight considerably. Unlike the  JL-900 Snow 
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White, the G2 doesn’t have a possibility of filtering air through activated carbon and 
thus cannot collect radioactive matter which is in gaseous phase. Cinderella G2 is at use 
in Helsinki, where the main office of STUK is situated. JL-900-Snow White is at use in 
Rovaniemi and it was used for collecting all the samples from Rovaniemi which 
contained Fukushima fallout. For the JL-900-Snow White the collection period for fiber 
glass filters is under normal circumstances one week, but in the case of a nuclear event, 
such as Fukushima, the glass filters are changed every day. For activated carbon the 
corresponding collection times were one month and one week. After collection, the fiber 
glass filters were pressed into a cylindrical “pill”, which was put into a plastic 35 ml 
container. The containers were labeled, sealed and measured usually over the weekend. 
All of the tools used to press the fiber glass filters were cleaned with ethanol. The 
activated carbon was simply poured into a bigger 500 ml plastic Marinelli beaker, 
which was also sealed, labeled and measured overnight. 
3.2.2 Deposition samples 
The sampling of deposition may be done with a passive, or an active sampler. The 
difference between these is that a passive one will collect everything that falls on it, be 
it wet or dry deposition, whereas an active one may be programmed to collect only 
either one of the deposition types. This may be done for example with the use of rain 
sensors: when the device gets information that it is starting to rain, it will close the lid 
on the dry deposition sampling side of the device, and open the wet deposition side. 
With an active sampler, it is possible to determine the fraction between the dry and wet 
processes. A passive sampler, on the other hand, is usually just a cylindrical stainless 
steel funnel, which collects the mixed dry and wet deposition. In most cases, a passive 
deposition sampler is sufficient and because of its simplicity, also preferred. 
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Figure 8. On the left: Ritva 300 passive deposition collector and on the 
right: Pirkko 800 active deposition collector. Pictures are from Senya.fi. 
At PSL, the deposition samples were collected monthly with a passive collector and 
combined to form samples spanning the time of three months. Carrier compounds were 
added to the samples and the water was evaporated from them under infrared lights. 
After evaporation the samples were transferred to porcelain crucibles and burned to ash 
at 450 ºC. The ash was then transferred to a 35 ml plastic container with the use of 
ethanol, which was evaporated from the samples. Afterwards, the container was sealed, 
labeled and measured. 
3.2.3 Aerosol size distribution 
PSL doesn’t have the equipment required for determining the size distributions of 
aerosols, so the equipment described here is what is used at SÚRO [21]. Their 
equipment is also a good baseline and a very typical tool for aerosol size distribution 
measurement. 
The collection of aerosols was done with the use of three 5-stage cascade impactors 
(CI). The operation principle of a CI is relatively simple: a rapid change in the gas flow 
direction is induced and particles with sufficient inertia will escape from the flow, 
whereas particles with a smaller inertia will remain in the flow. The escaped particles 
will hit an impaction plate, where they will be collected. A 5-stage CI means that this 
procedure is repeated five times, for different flow velocities. This will categorize the 
aerosols on to the impaction plates depending on their sizes. After the collection period, 
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the impaction plates were measured with a gamma spectrometer to determine the 
activity concentrations. The CI has been designed so that different plates collect 
different sizes of aerosols, the largest ones hitting the first plate and the smallest the last 
one. The plates have been characterized by the size interval of aerosols they can collect 
and once the activity of the plates has been measured, the size distribution can be 
worked out from there. 
 
 
Figure 9. Cascade impactor schematic with n-stages 
http://faculty.washington.edu/mpilat/mark3x.gif  
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Chapter IV 
4 Measured values and calculations 
The model was evaluated by calculating deposition based on several measurements of 
airborne activity in different countries, mainly caused by the Fukushima accident. The 
calculated values were compared to the measured deposition densities. 
Taeko Doi et. al. [27] measured the AMADs of airborne 
134
Cs, 
137
Cs and 
131
I. They 
found that the aerosol sizes ranged from 0.7 to 1.0 µm, and that the overall distribution 
of aerosols was bimodal, with peaks at about 0.5 and 5–10 µm, corresponding to sulfate 
and soil particles respectively. Helena Malá et. al. [21] re-assessed the findings of 
Koizumi et. al. [28] and concluded that the measurements by Koizumi et. al. showed 
significant bimodality with peaks at 0.52 and 5.8 µm for 
134
Cs and at 0.48 and 5.8 µm 
for  
137
Cs. Malá et. al. also measured the size distribution at Czech Republic, after long 
range transport, and showed that the size distributions for all of the radionuclides was 
monomodal, with AMAD of 0.43 µm. The values reported in [21], [27] and [28] are in 
Table 4. 
Table 4. Measured activity median aerodynamic diameters from different studies. 
Author 
131
I [µm] GSD 
137
Cs [µm] GSD 
134
Cs 
[µm] 
GSD 
T. Doi et. al. 0.7 - 1.0–1.5 - 1.0–1.8 - 
A. Koizumi et. al. - - 0.48/5.8 1.6/1.8 0.52/5.8 1.5/1.8 
H. Malá et. al. 0.43 3.6 0.43 3.6 0.43 3.6 
 
The teams of Doi and Koizumi both measured the distributions in Japan. Measuring 
periods took place during the year 2011 at April 4–11 and April 14–21 for Doi and July 
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2–8 for Koizumi. These two results were caused by short range transport, but since 
some time had already passed after the Fukushima accident took place, the sizes of 
aerosols in air had already declined and bimodality is clearly seen only for the values 
reported by Koizumi et. al. This is also because Koizumi et. al. did their measurements 
in the Fukushima prefecture whereas Doi et. al. performed their measurements farther 
away, at Tsukuba. H. Malá et. al. measured the size distribution in Europe, after long 
range transport and concluded that the distribution of aerosols was strictly monomodal. 
These findings were used to calculate the dry deposition in this thesis. 
By noting that the airborne particle distribution is monomodal in the studied areas, (29) 
reduces to 
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(37) 
Assuming that the particle size distribution stays constant, the above expression may be 
simplified further to be used in the calculations. By taking all of the constant values and 
denoting them with A and B for dry and wet parts respectively, (37) reduces to 
  =    ∆  
 
+    
0.315  ∆   
 
 (38) 
The correction term   has not been considered to be a constant term, since it is different 
for gas and particle phases. All of the deposition calculations were carried out with the 
use of equation (38). 
4.1 Calibration 
It was necessary to examine the need for correction terms in both of the deposition 
types. Wet deposition was deemed to require a correction term earlier, but the need for a 
correction term for dry deposition is not immediately evident from the derivation of the 
model. Therefore the data from Finland was used to calibrate the model. 
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4.1.1 Dry deposition 
To investigate if there is a need for a correction term in the dry deposition part of the 
model, data on naturally occurring isotope 
7
Be was used. The values reported by 
Ioannidou and Paatero [29] on the 
7
Be size distribution in Sodankylä, Finland, and the 
deposition density values measured at PSL were used to estimate deposition with the 
new model, values in Table 5. 
Table 5. Measured airborne activities of 
7
Be and the corresponding size distribution in 
Sodankylä. 
Beginning of sampling 
period 
7
Be 
[    3⁄ ] 
AMAD [ m] GSD 
20.7.2010 2.35 0.87 2.86 
27.7.2010 2.96 0.90 2.19 
3.8.2010 1.34 1.05 2.95 
10.8.2010 1.64 0.82 3.06 
 
The calculated and measured values are in Table 6. The deposition samples are handled 
as spanning over a time period of three months at PSL, and since the data in [29] didn’t 
handle such a long time period, it was decided that for calculations the deposition 
accumulated during a single month will be used and multiplied by three to somewhat 
match the sample. The calculated value was then compared to the measured total 
deposition of the three month sample. The deposition collected at STUK’s station in 
Sodankylä and measured at PSL was the deposition accumulated during the months of 
July, August and September. The ratio that was used to find an approximation for the 
measured dry deposition is a long time average measured for 
7
Be [30]. 
Table 6. The measured and calculated deposition densities, with the ratio of dry to wet 
deposition, measured values adopted from [29]. Deposition values in units of    2⁄ . 
Measured Calculated 
7
Be total 
7
Be dry Ratio
 7
Be dry 
436 ± 22 47.1 ± 2.4 10.8 % 2.9 ± 1 
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From the values in Table 6., it would seem that the dry deposition part would need a 
rather large correction term, but since the calculated value is a rough approximation of 
the deposition during the three month time interval and according to [30] the dry to wet 
ratio may fluctuate between 32.2 % and 99.5 %, the results from these calculations are 
inconclusive. Therefore no correction term for dry deposition is added at this stage. 
4.1.2 Wet deposition 
The most accurate measurements used in this thesis were gained from Rovaniemi, 
where the Finland’s Nuclear and Radiation Safety Authority’s, Regional Laboratory of 
Northern Finland is situated. The concentrations of radionuclides in the air were 
obtained from the Regional Laboratory of Northern Finland, and the precipitation 
information was obtained from the Finnish Meteorological Institute, both listed in 
Tables 7 and 8. Only the concentrations of 
137
Cs, 
134
Cs and 
131
I were considered, 
because they have been documented very well and they have an important effect on the 
environment. These measurements were used to determine the value of correction terms 
   for particle and    for gaseous phase, which were used for the rest of the 
calculations. 
To quantify the correction term for particle phase the data on 
137
Cs and 
134
Cs was used, 
since cesium stays mostly in particle phase. For gaseous phase the data on 
131
I were 
used, because it can be in both particle and gaseous phase. 
Table 7. Measured airborne activities of cesium and the precipitation in Rovaniemi. 
Beginning of sampling 
period 
137
Cs 
[    3⁄ ] 
134
Cs 
[    3⁄ ] 
Precipitation 
rate [mm/h] 
Precipitation 
duration [h] 
18.3.2011 0.569 0.563 1.0 5.1 
22.3.2011 1.51 1.49 - - 
23.3.2011 1.16 1.14 - - 
24.3.2011 1.30 1.31 - - 
25.3.2011 0.830 0.822 0.2 0.9 
26.3.2011 4.85 4.59 - - 
28.3.2011 5.07 4.69 - - 
29.3.2011 4.25 4.45 - - 
30.3.2011 44.1 41.8 - - 
31.3.2011 110 108 - - 
1.4.2011 269 263 0.2 1.5 
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2.4.2011 116 109 1.0 4.8 
3.4.2011 7.99 9.03 - - 
4.4.2011 5.78 5.74 1.4 8.2 
5.4.2011 18.7 22.6 - - 
6.4.2011 35.4 33.0 0.3 11.4 
7.4.2011 3.72 4.08 0.3 0.8 
8.4.2011 8.55 8.97 - - 
9.4.2011 10.8 10.7 - - 
10.4.2011 61.8 59.9 - - 
11.4.2011 28.1 28.7 - - 
12.4.2011 7.69 8.24 0.1 3.1 
13.4.2011 9.81 9.48 0.1 1.5 
14.4.2011 10.8 11.5 - - 
15.4.2011 7.37 7.36 0.2 0.7 
16.4.2011 9.13 10.6 - - 
17.4.2011 4.48 4.87 1.0 1.0 
18.4.2011 7.2 6.25 - - 
19.4.2011 21.6 21.0 - - 
20.4.2011 16.6 16.5 0.8 4.5 
21.4.2011 10.3 10.0 - - 
25.4.2011 4.43 4.98 - - 
26.4.2011 7.64 7.65 0.6 2.1 
27.4.2011 7.14 6.3 - - 
28.4.2011 9.91 10.7 0.6 0.2 
29.4.2011 8.29 8.1 - - 
2.5.2011 4.08 4.18 1.5 6.3 
9.5.2011 3.55 3.47 - - 
16.5.2011 0.411 0.279 1.0 23.0 
23.5.2011 0.615 0.178 1.8 11.4 
30.5.2011 0.492 0.142 2.1 10.3 
6.6.2011 2.81 0.261 2.0 8.8 
13.6.2011 0.438 0.154 1.9 7.1 
20.6.2011 0.298 - 1.7 36.1 
27.6.2011 - - - - 
 
From the values in Table 7., it was possible to calculate an estimated deposition density 
of cesium for the region around Rovaniemi. The measured and calculated values are 
listed in Table 9. together with uncertainties. 
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Table 8. Measured airborne activities of particle and gas phase 
131
I and the precipitation 
in Rovaniemi. 
Beginning of sampling 
period 
131
I particle 
[    3⁄ ] 
131
I gas 
[    3⁄ ] 
Precipitation 
rate [mm/h] 
Precipitation 
duration [h] 
1.4.2011 1600 3818 0.2 1.5 
2.4.2011 343 2900 1.0 4.8 
3.4.2011 56.4 1152 - - 
4.4.2011 36.0 1263 1.4 8.2 
5.4.2011 116 2207 - - 
6.4.2011 145 2564 0.3 11.4 
7.4.2011 52.0 1789 0.3 0.8 
8.4.2011 88.0 1312 - - 
9.4.2011 102 1632 - - 
10.4.2011 246 1114 - - 
11.4.2011 47.5 444 - - 
 
From the values in Table 8., it was possible to calculate an estimated deposition density 
of iodine for the region around Rovaniemi. The measured and calculated values are 
listed in Table 10. together with uncertainties. 
Table 9. The measured and calculated deposition densities of cesium in Rovaniemi 
region, with values in    2⁄ , together with the experimentally determined correction 
term   . 
Measured Calculated 
137
Cs 
134
Cs 
137
Cs 
134
Cs   
 
0.620 ± 0.100 0.574 ± 0.080 0.623 ± 0.117 0.571 ± 0.117 1.319 ± 0.228 
 
Table 10. The measured and calculated deposition densities of iodine in Rovaniemi 
region, with values in    2⁄ , together with the experimentally determined correction 
term   . 
Measured Calculated 
131
I 
131
I   
 
8.5 ± 2.9 8.5 ± 5.1 0.390 ± 0.226 
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The value of the correction term    was determined with the use of the measured 
deposition densities in Table 9., by setting the values of both of the calculated 
deposition densities to be at the same numerical distance from the measured values. The 
uncertainties of the calculated deposition densities for cesium are quite good, nearly the 
same as measurement uncertainty. 
The value of the correction term    was determined with the use of the measured 
deposition densities in Table 10. and with the use of   , by setting the calculated 
deposition density to be the same as the measured deposition. The dry deposition part of 
the model caused a notable uncertainty, which propagated to the correction term for 
gaseous phase. However, the attained value for    seems reasonable, since gaseous 
matter has been known to be harder to scavenge from air than particulate matter. The 
uncertainty of calculated iodine deposition is quite high because of the relatively high 
uncertainty in   . These correction coefficients hold within all of the processes 
involved in aerosol wet scavenging, which are not covered by the derived model and 
these values will be used for all of the following calculations. 
What is noteworthy is that the fraction     ⁄  is approximately 3.4, which shows that 
the particle phase is scavenged by rain a lot more effectively than the gaseous phase. 
Because of this, it is acceptable to neglect the contribution of gas phase when the 
airborne activity consists mostly of the particle phase. 
4.2 Validation 
In this chapter the measurements from several different countries will be used to 
validate the calibrated model, which will be referred to as MK14 from here on for 
simplicity. 
4.2.1 Dry deposition 
Italy 
A. Ioannidou et. al. [31] observed the airborne activity concentrations of 
131
I, 
137
Cs and 
134
Cs in Milano, the concentrations are listed in Table 11. Since precipitation data for 
Milano was not readily available, only dry deposition is considered here. 
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Table 11. The airborne activity concentrations measured in Milano, Italy. Values 
adopted from [31], in units of     3⁄ . 
Date of sampling 
131
I 
137
Cs 
134
Cs 
31.3.2011 332 ± 35 <29 <26 
2.4.2011 335 ± 19 59 ± 14 56 ± 14 
3.4.2011 467 ± 25 40 ± 9 37 ± 8 
5.4.2011 323 ± 16 25 ± 9 27 ± 9 
 
Ioannidou et. al. also measured the deposition densities of the studied isotopes, which 
are listed in Table 12. together with the dry deposition estimate calculated with MK14. 
Estimates were calculated with the use of the values in Table 11. 
Table 12. The measured and calculated dry deposition densities in Milano region, all 
values are in    2⁄ . Measured values adopted from [31]. 
Measured Estimated, MK14 
131
I 
137
Cs 
134
Cs 
131
I 
137
Cs 
134
Cs 
0.40 ± 0.16 0.24 ± 0.11 <0.05 0.038 ± 0.024 0.004 ± 0.002 0.004 ± 0.002 
 
The calculated values are much smaller than the measured ones, but this is most likely 
because of the strong dependence on the particle size distribution of dry deposition. The 
used AMAD and GSD values are from the Czech Republic [21] and the actual 
distribution in Italy was never recorded. The actual distribution could have been 
drastically different, it could have even had several modes, therefore giving completely 
different results. If the natural logarithm of GSD for the cesium distribution alone is 
increased to 6.4 from 3.6, the values calculated for cesium increase enough for the 
measured values to be within the calculation uncertainty. For iodine the corresponding 
GSD value would be 5. These values are also completely possible and this shows again 
that the dry deposition is very sensitive to changes in the size distribution. 
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Portugal 
F. P. Carvalho, et. al. [32] reported the deposition densities and airborne concentrations 
of 
131
I, 
137
Cs and 
134
Cs in Lisbon, Portugal, the airborne activities are listed in Table 13. 
Precipitation data was not readily available, so only dry deposition is considered here. 
Table 13. The airborne activity concentrations measured in Lisbon, Portugal. Values 
adopted from [32], in units of     3⁄ . 
Middle of sampling period 
131
I 
137
Cs 
134
Cs 
27.3.2011 1050 ± 64 65 ± 11 65 ± 11 
29.3.2011 1390 ± 84 139 ± 17 153 ± 19 
30.3.2011 835 ± 73 96 ± 16 79 ± 14 
1.4.2011 388 ± 31 41 ± 10 49 ± 12 
3.4.2011 330 ± 31 23 ± 12 29 ± 11 
 
Dry deposition was estimated with the values listed in Table 13. using the MK14 model. 
Measured and calculated deposition densities are compared in Table 14. 
Table 14. The measured and calculated deposition densities in Lisbon region, all values 
are in    2⁄ . Measured values adopted from [32]. 
Measured Estimated, MK14 
131
I 
137
Cs 
134
Cs 
131
I 
137
Cs 
134
Cs 
0.92 ± 0.11 0.62 ± 0.12 0.59 ± 0.06 0.051 ± 0.051 0.005 ± 0.005 0.005 ± 0.005 
 
Here the situation is similar to the situation in Italy: there exists no data on the actual 
particle distribution, so an approximation has to be used. The values in Table 14. have 
been calculated with the values measured in Czech Republic [21] and by changing only 
the GSD to 7.5 for cesium, the measured values fit within the calculated uncertainty 
margins. The corresponding GSD value for iodine was 5.8. 
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4.2.2 Wet deposition 
Germany 
D. Pittauerová et. al. [33] reported that for the period between March 21 and April 6, 8.5 
mm of rainfall was observed in Bremen by the German meteorological service. In their 
calculations, Pittauerová et. al. assumed a precipitation rate of 1 mm/h, and a mean 
131
I 
concentration of 1     3⁄ . With this information they calculated an estimation of 
iodine concentration in the collected rain water. In Table 15. the measured value and the 
estimate by Pittauerová et. al. are listed together with an estimate calculated with the 
new model. It was assumed that the average iodine concentration in air was mostly in 
particulate form. 
Table 15. The measured and calculated iodine densities in collected rain water in 
Bremen region, all values are in     ⁄ . measured values are adopted from [33] 
Measured, Pittauerová et. al. Estimated, Pittauerová et. al. Estimated, MK14 
0.430 ± 0.030 0.252 0.454 ± 0.093 
 
The values from these first wet deposition calculations are much more promising than 
the initial results from the dry deposition calculations. The measured value fits well 
within the uncertainty margin of the calculated value, although the fraction between 
gaseous and particulate phases was ignored in this calculation and only particulate phase 
was considered. This is because no information on the fraction between different phases 
in Bremen was available. Although gaseous phase usually represents a larger part of the 
airborne activity [20], it is much less likely to be scavenged by rain, which is already 
evident from the values of correction factors    and   . 
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Greece 
M. Manolopoulou, et. al. [34] measured the airborne and rain water 
131
I concentration in 
Thessaloniki, Northern Greece. They also reported that a rainfall event occurred on 29
th
 
of March, 2011, which lasted for 2 hours and 15 minutes. The total amount of 
precipitation was 2 mm, and from this, it is possible to calculate the wet deposition with 
the new model. The measured concentrations are listed in Table 16., together with 
precipitation data. 
Table 16. Concentrations in air and water and weather data by Manolopoulou, et. al., 
values adopted from [34] 
Date 
 
131
I in air 
[    3⁄ ] 
131
I in water 
[   ⁄ ] 
Precipitation 
rate [mm/h] 
Precipitation 
duration [h] 
26 – 27 march 332 ± 28 0.7 0.9 2.3 
 
The measured values in Table 16. were used to estimate the deposition density and the 
results are listed in Table 17. together with the measured value. It was assumed that 
only 6 % of the airborne 
131
I activity was in particulate form and the rest was in gas 
phase, since there was no readily available data on the fraction between gaseous and 
particulate phases. 
Table 17. The measured and calculated iodine densities in collected rain water in 
Thessaloniki region, all values are in    ⁄ . 
Measured, Manolopoulou, et. al. Estimated, MK14 
0.7 0.5 ± 0.2 
 
The assumption that 94 % of the airborne radioactivity was in gaseous phase may be 
justified, since it was found by Leppänen et. al. [20] that the gaseous phase may 
fluctuate between 65 – 98 % of the total airborne activity within a short time period. 
The high amount of uncertainty in the estimate is caused by the uncertainty associated 
in the correction factor   . Manolopoulou, et. al. didn’t report the uncertainty margins 
for their measurement, but instead wrote that the rain water contained up to 0.7    ⁄  of 
iodine, which makes estimating the validity of the calculated value difficult. 
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Spain 
F. P. García and M. A. F. García [35] reported that on April 3
rd
 2011, rain fell for 3.5 h 
in Granada with a mean intensity of 1.57 mm/h. They assumed an 
131
I concentration of 
2.63     3⁄  and calculated an estimate for the deposition density. They had also 
measured the actual deposition density caused by rainfall. The same assumptions may 
be used to calculate the deposition density estimate with the new model, results are in 
Table 18. together with calculated and measured values by F. P. García and M. A. F. 
García. It was again assumed that most of the airborne activity is in particulate form. 
Table 18. The measured and calculated iodine densities in collected rain water in 
Granada region, all values are in    2⁄ . Measured values are adopted from [35]. 
Measured, García Estimated, García Estimated, MK14 
 5.5 2.4 4.8 ± 1.0 
 
Even though the gaseous phase was neglected, the results suggest that it doesn’t cause a 
large difference in this case. 
  
39 
 
Chapter V 
5 Conclusions 
The results from the calculations are acceptable, although the initial results from dry 
deposition differ from the actual values by a significant amount. The difference is due to 
the very strong variation of results even with small variations in the size distribution. 
This poses a problem, since it is hard to evaluate whether the dry deposition part 
requires a correction term or whether it is even valid. However, this was to be expected 
already from the uncertainty estimations and the dry deposition part should still be 
included in the model. The results from the wet deposition part are much better than 
from the dry part and the wet part of the model gave the best results. 
5.1 Results 
The model was deemed to be accurate, but it does have its shortcomings. The calculated 
wet deposition densities were acceptable, but the dry deposition densities changed 
violently even with small changes in the particle diameter. This leads to the biggest 
problem with this new model: it requires a lot of very accurate data about the weather 
and aerosol distribution to give correct results. In certain situations, a difference of 10 % 
in AMAD and GSD will cause the dry deposition to change by a factor of 2, so 
measurement uncertainty becomes a problem. But this very strong dependence on the 
size distribution of aerosols is also an interesting finding, which may need to be studied 
more in the future. Since the dry deposition part of the model was so susceptible to 
changes in the distribution, it was a large cause of uncertainty in the model, even though 
the contribution of the dry part to the total deposition was small. 
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The wet deposition part of the model wasn’t as sensitive to changes in the variables 
when considering airborne activity in particulate phase and it seems it has quite good 
predictive power. For some radionuclides it is necessary to know the fraction between 
gaseous and particle phases, since their chemical properties differ. This is reflected in 
the correction factor   and it was noted that modeling the deposition caused by gaseous 
airborne activity carried with it a significant uncertainty. For example, in the case of 
131
I, the   term for particle form is over three times higher than for gaseous form. This 
may become a problem, since the dynamics between gas and particle phases are very 
complicated, and the fraction between them is changing constantly. Another interesting 
finding from this model was that the deposition density caused by precipitation is not 
linearly dependent on the precipitation rate. This is also supported by Pálsson, et al. 
[36], who found that the wet deposition activity concentration increased to the power of 
0.2–0.6 of the precipitation rate. Their result is similar to the power of 0.315 used in the 
MK14, although they reported a variance in the power depending on the latitude. The 
effect of latitude could be caused by differing environmental factors, such as wind, 
temperature and moisture, which all cause changes to the wet scavenging processes. 
This could also mean that the correction factor used in the MK14 is also latitude 
dependent. 
The results in the validation chapter vary from being far from reality to almost exactly 
right, and it can be safely said that the MK14 is an improvement when compared to 
earlier physical deposition models. When compared to the mathematical model by 
Pálsson, et al., the predictive power should be almost the same but the mathematical 
fitting has the advantage of taking into account the latitude dependency of deposition, 
whereas the MK14 takes into account the local physical phenomena and dry deposition. 
Overall, the biggest difference between older models and this new model is that the 
MK14 takes into account the effect of dry deposition, which has been largely neglected. 
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5.2 Possible sources of error 
One possible source of error is the fact that when considering dry deposition, the 
Stokes’ law alone will fail for particles much smaller than 1 µm, because the particle 
diameter will be proportional to the mean free path of the gas. To account for this, 
Cunningham slip correction   ,  needs to be introduced to the equation of velocity 
   =  +
  
  
 ( +      
  
 ) (39) 
where   is the mean free path of the surrounding gas, and coefficients A,B and C have 
been experimentally determined [23]. The addition of this correction term was 
investigated and it was found that it made the calculations much more complicated, 
mainly because of the particle diameter in the exponent. It caused a situation where the 
integral of equation (10) didn’t have a solution in closed form and it needed to be 
evaluated numerically. When AMAD was 0.43 µm and GSD was 3.6, the Cunningham 
correction factor had an effect of approximately 4 %. Since AMADs in this study were 
usually larger than 0.43 µm and the uncertainties of the calculated dry depositions was 
very high, the inclusion of the Cunningham correction factor was deemed unnecessary. 
Apart from the Cunningham slip correction, the dry deposition part may need some 
other correction factor. The need for such correction was investigated, but for the lack 
of better data, it was deemed inconclusive. 
The dry deposition part has been formed with the assumption that it will not be used in 
very hot or mountainous regions or in the Intertropical Convergence Zone, where drafts 
tend towards certain directions, taking the particles with them. This shouldn’t be a big 
problem, since most of the world’s population lives outside of these areas. But if the 
deposition in these areas need to be modeled, then it would be best to leave the dry 
deposition part out of the MK14 model altogether, since it could potentially cause a 
large error. 
The modeling of fallout is problematic, since there are so many different atmospheric 
processes and events taking place, and this fact can also be seen in the MK14 model, 
even though it uses relatively strong approximations. The difficulty of modeling fallout 
can be seen in this model as the need for a lot of very accurate information to get good 
results. The required information includes the particle size distribution, precipitation 
intensity, airborne activity, time intervals and correction coefficients. Additional 
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difficulties arise from the fact that some elements are capable of changing phases from 
particulate to gaseous in a short time, changing the properties of dry deposition and wet 
scavenging. In this kind of situation, it is best to ignore the dry deposition part of 
gaseous phase and additionally the wet deposition part of the model can be written as 
     =    
0.315  ∆  [ ( )  +  ( )  ]
 
 (40) 
where  ( ) is the fraction of airborne activity in particulate phase and  ( ) is the 
fraction of airborne activity in gaseous phase. These two are related as  ( ) =     ( ) 
and they change as a function of time. This consideration alone increases the difficulty 
of modeling deposition considerably, since it requires that the fraction between the two 
phases is known at all times, which is not realistic. Because of this, the MK14 model is 
better suited to modeling the deposition activity caused by elements which don’t change 
their phase so easily, such as cesium. On the other hand, elements that change their 
phase continuously - such as iodine - may be modeled, but depending on the available 
data and used assumptions, the result may differ from reality by a considerable amount. 
From these views and the uncertainty considerations in chapter 2.3, it is evident that the 
wet deposition part of the MK14 model is more usable than the dry deposition part. This 
is reassuring in the sense that wet deposition usually causes much more of the total 
deposition activity in long range transport scenarios. But if one considers the deposition 
near the source, then dry deposition part dominates since the particle size is a lot higher 
and the particle distribution usually has more than one mode. Additionally, although the 
wet part is easier to use and less susceptible to errors, it has a shortcoming in its normal 
form: it doesn’t account for snow. If there is snowfall, then the wet deposition part has 
to be modified by changing the drag coefficient and the cross-sectional area of the 
falling object. Also, since snow has different chemical properties compared to water, the 
correction factor may need to be re-determined. 
There is also one special situation that should be mentioned, namely if the 
sedimentation of airborne particles occurs in mist. This is worth considering, since it is 
a basically a deposition type that is neither purely dry nor wet. Mist doesn’t usually 
occur during rainfall and furthermore the conditions inside mist resemble the conditions 
inside of a cloud. Therefore nucleation due to the presence of aerosol particles may 
occur in some scale, and the resulting droplets will deposit on the ground faster than 
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bare aerosol particles. However, this nucleation and condensation process isn’t very fast 
and large droplets aren’t formed, so the average speed at which the particles reach the 
ground shouldn’t differ much from the case of pure dry deposition. Therefore the MK14 
model is valid also in mist or haze. 
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Chapter VI 
6 Discussion 
The need for predictive models is discussed and a few earlier deposition model types are 
reviewed. Afterwards a completely new physical model – which was nicknamed MK14 
– is introduced. The derivation is carried out together with estimations of uncertainty 
and the sample collection and measurement devices in the most relevant institutions are 
presented. The MK14 is first calibrated with the best data available and then validated 
using measured data from several countries. The results are discussed and possible 
sources of error are investigated. 
The accuracy of the model was deemed to be rather good, even though it does have 
some limitations. The biggest limiting factor for this model is that it requires a lot of 
accurate data for it to give good results. The data requirements include: airborne activity 
concentration, size distribution of the airborne particles and precipitation rate during a 
given measuring period. Acquiring all of this data proved to be difficult in many cases, 
since the size distribution of airborne particles is not routinely measured in many 
countries. An interesting result from this study is that the dry deposition is very 
susceptible to changes in the particle size distribution. Especially the geometric standard 
deviation of the distribution had a large effect on the accumulated deposition density. 
This shows that dry deposition is very important near the source of radioactivity, where 
the particle size is largest, but on the other hand wet deposition becomes the dominating 
deposition process after long range transport, when only the smallest particles are still 
present. The wet deposition part of the model also showed an interesting dependence on 
the precipitation intensity. MK14 would suggest that the deposition density caused by 
precipitation does not increase linearly with increasing precipitation intensity, but rather 
to the power of 0.315. Other studies have also given similar results. 
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The wet deposition part of the model was less susceptible to changes in the variables 
and it gave good results. The only real problem with the wet deposition part was that the 
modeling of elements which easily change their phase proved to be difficult. If the 
fraction between the phases is not known, the result may differ drastically from the 
actual deposition density. Therefore the wet deposition part of the model is better suited 
for estimating the deposition density caused by elements which don’t change their phase 
very easily. This means that the estimation of the radioactivity caused by iodine is much 
more difficult than estimating the radioactivity caused by cesium, for example. Even 
though the wet part of the model doesn’t usually produce such high amounts of relative 
uncertainty it does have a variable which has the potential to cause large uncertainties, 
namely the correction factor. The correction factor can be problematic since it holds 
within all of the possible atmospheric processes which are not accounted for otherwise. 
These processes include the dependencies on the phase of matter, scavenging processes 
and latitude. If all of these dependencies are accounted for, the model will become more 
accurate, but also much more complicated. The present model is thought of as being a 
good compromise between accuracy and simplicity. 
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